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lH NMR STUDY OF MOLECULAR DYNAMICS 
AND PHASE TRANSITIONS IN 
(CH3NH3)2PbBr6 AND [N(CH3)&SeC16 
J. VISHWANATH and C. RAGHAVENDRA RAO 
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Bangalore 560056, INDM 
B.VS. MURTHY, K.F! M E S H  and J. M A K R I S H N A *  
Department of Physics, Indian Institute of Science, 
Bangalore 560012, INDL4 
(Received 23 November 1993) 
The proton spin-lattice relaxation time (T,) has been measured in methylammonium hexabromoplumbate, 
(CH,NH3),PbBr6, in the range 77-4503 and tetramethylammonium ("MA) hexachloroselenate, 
[N(CH,),I2SeCI6 in the range 77-430K In (CH3NH3)*PbBr,, TI shows a slope change at 415K, a min- 
imum at 215K, and a discontinuous jump at 167K In [N(CH,)&SeCl6, TI shows a slope change at 340K 
and goes through a narrow symmetric minimum at 194K. Further, it exhibits a shoulder-like structure at 
106K and goes through a broad minimum at 85K. Motional parameters such as activation energy and pre- 
exponential factor have been evaluated for the reorientational motion of CH,-NH, groups and the TMA 
ion in different phases. 
KEY WORDS: Spin-lattice relaxation time, reorientation, small angle torsional oscillations, activation 
energy, phase transition 
1 INTRODUCTION 
Recently, magnetic and structural phase transitions in quasi two dimensional per- 
ovskite type layer compounds belonging to the R2- family have attracted con- 
siderable attention in solid state and materials research. Theoretical and experimen- 
tal investigations (Kind, Roos, 1976; Selinger, Blinc, Arend, and Kind, 1976; Couzi, 
Daoud, and Perret, 1977; Blinc, Zeks, and Kind, 1978) have been carried out in 
a few alkylammonium compounds to understand the magnetic order, dimensional- 
ity, sequence and mechanism of various phase transitions (Ikeda, Kume, Nakamura, 
Furukawa and Kiriyama, 1976). Replacement of the metal atom (Stoelinga and Wyder, 
1974) appears to have significant effect on the physico-chemical properties. In view 
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of the close relation between the dynamics of the alkylammonium groups and the 
observed phase transitions, 'H NMR study of internal motions in these compounds 
may yield useful information. As part of such a programme, we have measured the 
proton spin-lattice relaxation time (TI) in (CH3NH&PbBr6 and [N(CH3)4]2SeC16, 
as methylammonium and tetramethylammonium groups are particularly interest- 
ing from the point of view of dynamics and phase transitions, and the results are 
presented in this paper. 
In methylammonium compounds, three types of motions are identifed as respon- 
sible for relaxation. The first one is the correlated reorientation of the CH3 and NH3 
groups, which is essentially the reorientation of the cation as a whole about its C-N 
axis, as observed for example, in (CH3NH3)2MC16 [M = Sn, Te and Pt] (Ikeda et al., 
1976), in (CH3NH3)2ZnC14 (Ishida, Iwachido, Hayama, Ikeda, Terashima, and Naka- 
mura, 1989) and in (CH3NH3)2Zn13r4 (Ishida, Takagi, Iwachido, Terashima and Naka- 
mura, 1990). The second type of motion is the uncorrelated reorientation of the CH3 
and NH3 groups, as observed, for example, in methylammonium hexachlorostannate 
and platinate complexes (Ikeda et al., 1976). The third type of motion is the small angle 
torsional oscillation of the cation, which has recently been reported at lower tempera- 
tures in certain methylammonium compounds of the R2M& family (Murthy, Ramesh 
and Ramakrishna, 1993a). 
The dynamics of the tetramethylammonium ion in solids has been studied using dif- 
ferent techniques. The symmetric cation is known to form cubic crystals of type R2M& 
[R = TMA , M = Pt, Sn, Te and Se and X = C1, Br and I], with various symmetric and 
also very large hexahalometallate anions. In these crystals, the cation is considered to 
be rather loosely bound because of the sizable anions and hence greater freedom for 
its motion may be expected. Proton spin lattice relaxation studies show that relaxation 
in TMA compounds is caused by the modulation of the intra-methyl and inter-methyl 
proton-proton interactions, by the reorientation of the methyl groups and the over- 
all tumbling motion of the TMA ion. The low temperature (<150K) TI behaviour in 
platinum, tin and tellurium compounds of ( T M A ) 2 m  family (Prabhumirashi, Ikeda 
and Nakamura, 1981; Sato, Ikeda and Nakamura, 1982) is explained on the basis of 
the small angle torsional oscillations of the methyl groups. In a recent study (Murthy et 
al., 1993b) torsional oscillation of the TMAion has been reported in (TMA)2SeBr6 (in 
addition to the reorientation). Further, IR studies at low temperatures (Von der Ohe, 
1975; Berg, Poulsen and Bjerrum, 1977; Berg, 1978; Berg, 1979) have shown phase 
transitions which are attributed to methyl group dynamics. 
2 EXPERIMENTAL 
In the present investigation, lead(1V) tetrabromide was prepared by the reaction of 
lead(1V) dioxide with concentrated hydrobromic acid. (CH3NH3)2PbBr6 was then pre- 
pared by the reaction of a solution of lead(1V) tetrabromide in concentrated hydro- 
bromic acid with a solution of methylammonium bromide in concentrated hydro- 
bromic acid taken in stoichiometric proportion. The reaction resulted in the formation 
of a brick-red precipitate which was then dissolved in concentrated hydrobromic acid 
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and placed in an evacuated desiccator. In a few weeks, crystals were formed by slow 
evaporation. 
Tetramethylammonium hexachloroselenate was prepared by adding a solution of 
tetramethylammonium chloride in dilute hydrochloric acid to a solution of selenium 
dioxide (taken in stoichiometric ratio) dissolved in concentrated hydrochloric acid. 
Yellow precipitate was formed which was redissolved in concentrated hydrochloric 
acid and kept in an evacuated desiccator. Yellow prismatic crystals were formed within 
a week. The crystals are unstable in air and therefore the sample was immediately 
sealed in a glass ampoule under vacuum. The compounds were characterised by X- 
ray powder diffraction, melting temperature, density, IR frequencies and elemental 
analysis. 
Proton spin-lattice relaxation time (T1) measurements were carried out using a 
home-made pulsed NMR spectrometer operating at 10 MHz. We have used the 
inversion recovery sequence to measure TI to an accuracy of f 1%. The temperature 
of the sample was varied using a gas flow cryostat and measured using a copper- 
constantan thermocouple to an accuracy of f 0.5K. 
3 RESULTS 
(i) (cHflH3) 2pbBr6 
The variation of TI with temperature is shown in Fig. 1. As the temperature is de- 
creased from 450K, T1 decreases down to 415K where a small slope change is observed 
(see inset of Fig. 1). The activation energy changes from 34.9 kJ/mol(>415K) to 21.0 
kJ/mol (<415K). In the temperature range 415-215K, the relaxation time follows a 
BPP type behaviour showing a T1 minimum of 10.5 ms at 215K. On further cooling, 
TI rapidly decreases and at 167K, it jumps discontinuously from 1.4 ms to a rather 
high value of 220 ms. Thereafter, T1 gradually increases, reaches a maximum of 1.8s 
at 100K, and decreases gradually with decreasing temperature; TI is 185 ms at 77K. 
The behaviour of spin-lattice relaxation time (TI), in this compound is analysed 
following Woessner (Woessner, 1965; Ikeda et al., 1976). The relaxation rate due to 
the reorientation of CH3 about its C3 axis is given by 
and for the reorientation of the NH3 group it is given by 
where r,  and rN are the inter-proton distances in CH3 and NH3 groups. rc and TN are 
the corresponding correlation times and 
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* T ( K )  
500 250 166.7 125 100 83.3 71.4 
0 4 8 12 16 
1000/T (K' l )  -b 
Figure 1 Temperature dependence of proton T, in (CH3NH3)*PbBr,. 
and 
Taking r ,  = 1.78 A', the theoretical TI minimum (at 10MHz) for reorientation of 
CH3 is 5.5 ms (Woessner, 1965; O'Reilly and Tsang, 1967). Similarly, it is 4.2 ms for 
NH3 group reorientation. 
The relaxation rate due to correlated reorientation of CH3 and NH3 is given by 
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PHASE TRANSITIONS IN (CH,NH,),PbBr, and [N(CH,)&SeCI, 101 
where T is the correlation time. From the above equation, the theoretical T1 minimum 
(at 10 MHz) for the correlated reorientation of CH3 and NH3 groups is found to be 
10 ms. However, if the CH3 and NH3 groups exhibit uncorrelated reorientation, then 
the relaxation rate is given by (Woessner, 1962) 
where C, is the dipolar interaction constant for the uncorrelated motion and 
The theoretical TI minimum (at 10 MHz) for the uncorrelated motion is estimated to 
be 200 ms. 
The TI minimum of 10.5 ms at 215K is attributed to the correlated reorientation of 
CH3 and NH3 groups. The activation energy is obtained as 21.0 kJ/mol and the corre- 
sponding pre-exponential factor 1.23 x s. In phase-11, below 215y TI decreases 
rapidly and jumps discontinuously at 167K without showing any minimum. This un- 
usual rapid decrease could not be explained by methylammonium reorientation. How- 
ever, we could account for the observed TI values in this range by considering the small 
angle torsion of the methylammonium ion. 
The relaxation rate (Woessner, 1962) due to small angle torsion of the methylam- 
monium ion is given by 
where TS is the correlation time, 8 is the amplitude of torsional oscillation and N is 
the number of protons in the methyl ammonium ion. The activation energy in this 
range is found to be 14.3 kJ/mol and the pre-exponential factor is 1 . 7 ~  s. Also, 
the amplitude 8 of the small angle torsional oscillation, obtained from equation (6), 
is 11" and it compares well with the values reported in compounds of R 2 W  family 
(Von der Ohe., 1975; Berg., 1976,1979; Berg et aL, 1981; Prabhumirashi et al., 1981) 
In the temperature range 95-77K7 the theoretical TI values, generated assuming the 
presence of uncorrelated motion of inequivalent methylammonium ions, fit well with 
the observed data, thus indicating the presence of inequivalent CH3NH3 ions in the 
structure of the compound in this phase. Further, the low temperature TI minimum 
can be estimated to occur at 70K. The effective relaxation rate in the presence of 
inequivalent CH3NH3 ions is given by (Niemela and Heinila, 1981) 
where n, and n b  denote the number of a and b type ions with relaxation times T1, 
and Tlb respectively. The best fit of the experimental TI data (in the range 95K- 77K) 
to equation (7) shows that for the a type ions, the activation energy is 5.9 kJ/mol and 
pre-exponential factor is 3 . 9 ~  l0-l5s, while the corresponding values for b type ions 
are 5.5 kJ/mol and 3 . 6 ~  and na = n b .  
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Table 1 Motional parameters in (CH,NH,),PbBr, 
Phase Temp ( K )  E, (kl/mol) T; (s) Motion 
I >415 34.9 1.56 x lo-’’ 
I1  415-167 21.0 1.23x10-’-’ CHzNHz C 
14.2 l . 6 8 ~ l O - ’ ~  CH,NH, SA 
111 < 167 (a) 5.9 3 . 8 8 ~ 1 0 - l ~  CH3-NH, UC 
(b) 5.9 3.61 x 
C - Correlated motion about C3 axis 
SA - Small angle torsion of CH3NH3 groups 
UC - Uncorrelated motion of CH, and NH, groups (about C-N bond) 
+--. T (K) 
500 250 166.7 125 100 83.3 
1000 I I I I I 
100 
t 
0 
2 6 10 14 
1000/T ( K-’ 1 - 
Figure 2 Temperature dependence of proton TI in [N(CH3)&SeC16. 
D
ow
nl
oa
de
d 
by
 [T
he
 U
niv
ers
ity
 O
f M
elb
ou
rn
e L
ibr
ari
es
] a
t 0
2:0
3 2
3 J
un
e 2
01
6 
PHASE TRANSITIONS IN (CH1NH3),PbBr, and [N(CH,),],SeCl, 103 
The motional parameters evaluated for the compound in different phases are listed 
in Table 1. 
(ii) "(cH3) 412SeCk, 
The variation of proton TI with temperature is shown in Fig. 2. TI decreases with tem- 
perature initially from 430K to 340K, where it undergoes a slope change, associated 
with a change of activation energy (E,) from 5.0 W/mol to 16.3 kJ/mol, probably due to 
a phase transition. From 340K, it steadily decreases and goes through a minimum of 6 
ms at 194K. From 194K, it increases to reach a maximum at 134K and then decreases 
with further decrease in temperature. At 106K, TI exhibits a shoulder-like structure 
and then goes through a broad minimum of 10 ms at 85K. 
The observed temperature variations of TI is analysed using the BPP theory (Bloem- 
bergen, Purcell and Pound, 1948) as applied to the TMA ion dynamics, involving two 
kinds of motion, viz. the reorientation of CH3 about its C3 axis with a correlation time 
T~ and the overall tumbling of the cation itself, with a correlation time T ~ ~ .  Neglect- 
ing the intermethyl interactions, the spin-lattice relaxation time TI is given by (Albert, 
Gutowsky and Ripmeester, 1972) 
B = (3/20)y4R2~-6 + (27/10)y4ti2~,6, 
and 
In these equations, T is the interproton distance in CH3 and T* is the intermethyl 
distance in a TMA ion. The activation energy E, and the correlatlon time are related 
by the Arrhenius equation given by, 
T~ = T," exp [Ea/lcT] (9) 
where 7," is the pre-exponential factor. 
the TMA ion are inequivalent, while the TMA ions themselves are equivalent. 
The observed data could be explained by assuming that all the four CH3 groups in 
The BPP equation gets modified to 
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'hble 2 Motional parameters in [N(CH3)4],SeC1, 
CH3 group rotation Cation tumbling 
E, (kJ/mol) T: (s) E, (kJ/mol) T: (s) 
(CH3-1) 11.3 7 . 0 ~  lo-'' 16.6 3.3 10-l3 
(CH3-11) 8.8 2.3 x 1 0 1 3  
(CH3-111) 10.5 8.gX 10-l4 
(CH3-IV) 10.5 3.3x 10-15 
The results of fitting the experimental TI data to the modified BPP equation (10) 
are summarised in Table 2. It can be seen that the methyl groups have nearly the same 
activation energy while the pre-exponential factors are different, suggesting that they 
are reorienting at different rates. 
4 DISCUSSION 
(i) Methylammonium Dynamics 
The literature available on the proton NMR study of methylammonium ion in com- 
pounds belonging to the RzM& family is meagre. The salient features of the available 
literature on NMR in the (CH3NH3)2W compounds [M = Sn, Pt, Te, Pd, Se, Pb; X 
= C1, Br, I] are summarised in Table 3. 
In all the compounds low temperature ( ~ 1 0 0 K  to -160K) phase transitions are 
observed which are ascribed to the methylammonium reorientation. We have also ob- 
served a phase transition at -167K in the present compound, besides a slope change 
at z415K which is also ascribed to a phase transition. In addition, at lower temper- 
atures, inequivalence of methylammonium groups is often observed. Suh inequiva- 
lence has been observed in the present investigation also. Further, we have observed 
small angle torsion of the methylammonium ion, very similar to that observed in 
(CH3NH3)2SeBr6, in the intermediate temperature range 150-200K. 
Sn& [X = C1, Br], (CH3NH3)2PtC16, (CH3NH&Te& [X = Br, I], (CH3NH3)2SeBr6, 
and (CH3NH3)2PbBr6. However, (CH3NH3)zTeCb does not exhibit uncorrelated re- 
orientation. In other compounds such as (CH3NH&Pt& [X = Br, I], (CH3NH&Pd& 
[X = C1, Br] NMR data are not available. 
In (CH3NH3)2TeX, [X = C1, Br, I] two minima have been observed - a deep one 
between 50-80K, which is ascribed to the correlated reorientation of CH3 and NH3, 
and a shallow one between 100-120K, which is ascribed to the uncorrelated reorien- 
tation of the cation. This appears rather surprising because correlated reorientation 
usually occurs at higher temperatures than the uncorrelated reorientation. Recent in- 
vestigations on (CH3NH3)2SeBr6 [Murthy et al., 1993al show a deep minimum at a 
Uncorrelated reorientation of CH3 and NH3 groups has been observed in (CH3NH3)2 
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lhble 3 Salient features of the NMR data on (CH3NH3)2MX6 
Compound Phase Transition Technique E,/ Motional Mode References 
(T K) kl/molP 
156 
149 
121,126 
118 
125/133 
139,230 
158,289 
119 
112 
108 
103 
103 
111.167,250 
167,415 
NMR 
NQR 
NMR 
NMR 
NQR 
NQR 
NQR 
NQR 
NQR 
NQR 
NQR 
NQR 
NMR 
NMR 
4.2f0.5 Correlated reorientation 
of CH3 and NH3 
7.2f1.0 Uncorrelated reorientation 
of CH3 and NH3 
7.2f1.0 Uncorrelated reorientation 
of CH3 and NH3 
3.6f0.5 Correlated reorientation 
of CH3 and NH3 
8.5fl .O Unorrelated reorientation 
of CH3 and NH3 
3.8f0.5 Correlated reorientation 
3.9f0.5 Correlated reorientation 
of CH3 and NH3 
of CH3 and NH3 
8.1f1.0 - 
- 
7.0(5.0) Correlated reorientation 
of CH3 and NH3 
of ion 
4.8 hindered rotation of 
3.7(3.3) Correlated reorientation 
of CH3 and NH3 
9.0 Uncorrelated reorientation 
of CH3 and NH3 
2.7 Correlated reorientation 
of CH3 and NH3 
5.0 Uncorrelated reorientation 
6.1 Overall rotation of MA' ion 
- -  
23.0 Correlated reorientation 
of CH3 and NH3 
21.3 Small angle torsion 
ofMA 
13.4/12.6 Uncorrelated reorientation 
of CH3 and NH3 
21.0 Correlated reorientation 
of CH3 and NH3 
14.2 small angle torsion of MA 
5.9/5.5 Uncorrelated reorientation 
of CH3 and NH3 
Ikeda et al. 1976 
Kume, Yet al. 1979 
Ikeda et a/. 1976 
Ikeda et al. 1976 
Kume, Y ef aL 1979 
Furukawa, Yet al. 1981 
Furukawa. Y et aL 1981 
Furukawa, Y et aL 1981 
Kume, Yet a/. 1979 
Kume, Yet al. 1979 
- 
Murthy ef al. 1993 
Present work 
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higher temperature (203K) and a shallow minimum at a lower temperature (80K), 
which are ascribed to correlated and uncorrelated motions of the cation respectively. 
In the present investigation also (CH3NH3)2PbBr6 shows correlated reorientation of 
CH3 and NH3 groups at higher temperatures (>215K), and uncorrelated reorientation 
at lower temperatures (-.70K). 
The activation energy E, is found to be 21.0 kJ/mol for the correlated reorientation 
of the CH3 and NH3 ions, 14.2 kJ/mol for the small-angle torsion of the methylammo- 
nium ion, and 59/55 kJ/mol for the uncorrelated reorientation. While the E, value 
for the high-temperature correlated reorientation agrees well with the correspond- 
ing value reported in (CH3NH3)2SeBr6, the E, value for small-angle torsion of the 
methylammonium ion is much higher in the selenium compound. This trend is true 
for the uncorrelated motion also. This could be due to hydrogen bonding of methylam- 
monium protons with the lone pair on selenium, thus hindering the motion at lower 
temperature. 
(ii) Tetramethylammonium Dynamics 
The salient features of the available literature on (TMA)zM& compounds [M = Pt, 
Te, Sn, U, Se, Pb and X = Cl, Br] are summarised in Table 4. 'H NMR, halogen NQR, 
DTA and vibrational studies in these compounds have shown two phase transitions: 
one at low temperatures around 120K and the other at higher temperatures (>350K), 
except in the case of (TMA)&JC16 where only low-temperature phase transitions are 
observed. The high temperature phase transitions are attributed to rather drastic 
structural changes, while the low temperature phase transitions are attributed to 
changes in the motional modes of the cations. 
In (TMA)zMCl,j compounds [M = Pt, Te, Sn], the activation energies of the plati- 
nate complex for a- and 6-phases are found to be 22.8 and 15.0 kJ/mol respectively, 
which are ascribed to the CH3 for TMA tumbling. For the tellurate complex, the acti- 
vation energies are 20.3 kJ/mol for CH3 or TMA tumbling and 12.8 kJ/mol for small- 
angle torsional oscillation of the methyl group. For the stannate complex, the acti- 
vation energy for CH3 or TMA tumbling is found to be 19.1 kJ/mol. Each complex 
exhibits a deep TI minimum in the temperature range 20&230K, which is ascribed 
to tumbling of both CH3 and TMA. The shallow minimum observed in the tellurate 
complex at 130K and the anomaly of TI in the platinate complex are attributed to 
small-angle torsion of the methyl groups in the cation around their staggered confor- 
mation. 
The proton spin lattice relaxation studies in compounds of the type (TMA)2MBr6 
[M = Pt, Te, Sn] (Sato et al., 1990) reveal broad and deep T1 minima in the high 
temperature region, followed by shallow ones in the low temperature regions which 
are ascribed to the isotropic tumbling of the cation, and C3 reorientation of the CH3 
followed by the small-angle torsion of the methyl groups respectively. 
Recently, the proton NMR investigatlons in (TMA)ZSeBr6 [Murthy, Ramesh, and 
Ramakrishna, 1993bl have shown inequivalence of the TMA ions in addition to the 
isotropic tumbling of the cations associated with activation energies of 13.8 and 12.6 
kJ/mol. The C3 reorientation of CH3 with an activation energy of 11.3 kJ/mol and the 
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PHASE TRANSITIONS IN (CH3NH3),PbBr6 and [N(CH3),],SeC16 107 
lslble 4 Salient features of the NMR data on [N(CH3),],MX, 
Phase Transition E, 
Compound Temperature (T K) Technique (W/mol) Motional Mode References 
Prabhumirashi 
(cooling) 
(heating) 
DTA 
181f l  
153f l  
152f l  
(TMA)2PtC16 181fl 
el al., 1981, 
Furukawa 
et al., 1981 
15352 
175f2 
181.381 
CH3 or overall 
Vibrational 
spectra 
NQR 
Sato et al., 1982 (TMA)2PtBr6 97/111/123,386 (Cdhg)  DTA 18.4 
9S/112,388 (heating) NMR 18.7 
8.5 
CH3-c3 
overall 
small-single 
torsion-CH3 
(cooling) 
(heating) 
(m)2Tec16 127*2 DTA 20.351 - 1  Prabhumirashi et. al. 1981 CH3 or overall 
small-angle 
torsion-CH3 
12952 
110% 15 
128,351 
NMR 12.8% 1 
Vibrational 
spectra 
NQR 
Sato el al. 1982 (Tm)~TeBr6  94,361 (cooling) DTA 17.8 
3621359 (heating) 19.2 
7.7 
CH3-C3 
overall 
small-angle 
torsion-CH3 
(cooling) 
( T m ) z S n a 6  z:i } (heating) DTA 1 9 . l f l  Prabhumirashi el al. 1981 CH3 or overall E: } NMR 
142/156,145%10 Vibrational 
spectra 
(TM),SnBr6 90,371 (cooling) DTA 15.4 
86,371,372 (heating) 23.2 
9.4 
CH3C3 
overall 
small-angle 
torsion-CH3 
Sat0 et al. 1982 
Vibrational 
spectra 
NMR 
Van der ohe, 1975 (TMA)2UC16 110,123,163 
(TMA),&Br6 152,365 13.8/12.6 TMA tumbling 
(type a/b) 
3.8 TMA small angle rot. 
11.3 CH3-C3 
Murthy 
etal. 1993 
(TMA)2SeCI6 106,340 NMR 16.6 TMA tumbling Present work 
10.5,10.5 
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small-angle torsional oscillation of TMA ion with an activation energy of 3.8 kJ/mol 
have also been observed. The results obtained in the present investigation are in good 
agreement with those discussed above. 
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